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A B S T R A C T   

A series of zein-stabilized oleogels were prepared and plasticized by the addition of glycerol. The rheological and 
microstructural properties of oleogels were studied as a function of glycerol and zein concentration. The plas-
ticized zein oleogel was best characterized as gels with a weak-link regime. The fractal dimension calculation as 
an indication of structure density indicated that oleogels at low glycerol content had a loose protein network that 
became denser with further addition of glycerol. Increasing zein concentration formed a denser oleogel network. 
The oleogels showed a thermo-responsive rheological property in the range of 25–100 ◦C that was reversible 
based on glycerol/zein ratios. The transition from solid-like to liquid-like behavior of oleogels by heating started 
from 75 ◦C, where G′ could drop up to two orders of magnitude. Besides, the structural analysis did not show any 
indication of protein secondary structural denaturation during heating.   

1. Introduction 

Gels are complex materials with an internal three-dimensional 
network providing a solid character and a continuous fluid phase of 
water (hydrogel), air (aerogel), or oil (oleogel) (Cao & Mezzenga, 2020). 
These materials demonstrate a solid-like appearance and rheological 
properties even though they contain a large amount of liquid (Vintiloiu 
& Leroux, 2008). Thus, oleogels had attracted great interest in food 
research studies due to the necessity of replacing hydrogenated and 
naturally saturated fats due to their adverse health effects. 

The gelators for oils can be categorized into two groups of low mo-
lecular weight and polymeric oleogelators. Among all oleogelators, 
proteins are the least studied biopolymers for oil structuring because of 
their limited solubility in hydrophobic media. However, proteins can be 
a promising candidate because they are food-grade and widely available 
ingredients without being subjected to considerable regulatory re-
strictions as direct food additives as well as high nutritional values. 
Furthermore, proteins are important in food matrices to establish the 
desired appearance and texture with the relevant physicochemical 
properties (Hinderink et al., 2021; Tavernier, Patel, van der Meeren, & 
Dewettinck, 2017). 

Zein, which is the main storage protein of corn seeds, is one of the 
few proteins with an inherently hydrophobic nature. This is associated 
with the high percentage of non-polar amino acids in the zein structure. 
Therefore, zein has very limited solubility in water, but the solubility 
increases in binary mixtures of water and alcoholic solvents, anionic 
detergents, or alkaline solutions with pH ≥ 11. Zein consists of four 
fractions of α, β, γ, and δ with various peptide chains, molecular size, and 
solubility (Kasaai, 2018; Patel & Velikov, 2014). 

The fundamental mechanism of the structure-function relationship 
of proteins in food colloidal systems is complex. The functionality of the 
protein is highly affected by solubility (Pelegrine et al., 2005). So, to 
overcome the solubility barrier of proteins in an oil medium, various 
methods were suggested. One of the solutions is the structural modifi-
cation of proteins or complex formation with other molecules and the 
other is using proteins to stabilize an emulsion or foam as an interme-
diate system due to the interfacial properties of proteins in the oil-water 
interface (Vélez-Erazo, Okuro, Gallegos-Soto, da Cunha, & Hubinger, 
2022). So far, only Sodium caseinate (Abdolmaleki, Alizadeh, Nayeb-
zadeh, Hosseini, & Shahin, 2020; Wijaya et al., 2019), Gelatin (Patel, 
Rajarethinem, et al., 2015), and soy protein (Tavernier et al., 2017) has 
been successfully used to stabilize an oleogel using the 
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emulsion-templated method. In a previous study, we showed that by 
taking advantage of zein solubility in aqueous ethanol how one could 
stabilize oil in ethanol/water emulsions without further protein modi-
fications (Keshanidokht, Via, Falco, Clausen, & Risbo, 2022) and pre-
pare an oleogel through the well-known route of emulsion-templated 
approach. Zein-stabilized oleogels showed a brittle and hard texture 
depending on protein and ethanol concentration. 

In general, the oleogel properties and the network strength can be 
affected by different factors such as solvent polarity, surfactant con-
centration, and processing conditions (Aguilar-Zárate, 
Macias-Rodriguez, Toro-Vazquez, & Marangoni, 2019; Gravelle, 
Davidovich-Pinhas, Zetzl, Barbut, & Marangoni, 2016). However, only a 
few studies exist concerning the effect of plasticizers and other texture 
modifiers on the properties of protein oleogels. Davidovich-Pinhas et al. 
compared the effect of glycerol-based and sorbitan-based surfactants on 
the crossover temperature and gel strength of ethylcellulose (EC) oleo-
gel. Their results showed higher efficiency of glycerol-based surfactants 
in plasticizing the EC backbone (Davidovich-Pinhas, Barbut, & Mar-
angoni, 2015). 

Glycerol is non-expensive, biodegradable, resistant to heat treat-
ment, and more importantly non-toxic and food grade. It is one of the 
most common polyol plasticizers for the modification of mechanical 
properties of protein-based systems such as zein film (Gao et al., 2006; 
Xu et al., 2012, 2012z; Özeren et al., 2021) or zein emulsion gel 
(Nephomnyshy, Rosen-Kligvasser, & Davidovich-Pinhas, 2020). It is 
known that the plasticizing effect of glycerol is through their physical 
interactions with the polymer backbone and increasing the mobility of 
the polymer chains. For higher effectiveness of glycerol plasticization, 
the compatibility and polarity of the polymer are important (Davido-
vich-Pinhas et al., 2015). 

Studies demonstrating the preparation of oleogel based on bio-
polymers with thermo-responsive rheological behavior are scarce. Wang 
et al. recently showed quercetin-loaded zein-stabilized oleogels have 
thermo-reversible properties. Zein oleogels were prepared by using zein 
colloidal particles in acetic acid and emulsion-templated method (Wang, 
Rao, et al., 2022). A few other oleogels have shown thermo-responsive 
properties such as shellac (Patel, Schatteman, de Vos, & Dewettinck, 
2013) and Sorbitan monostearate-based materials (Sánchez, Franco, 
Delgado, Valencia, & Gallegos, 2008). Thermo-responsive gels based on 
proteins and polysaccharides made through the emulsion-templated 
method is also limited. De Vries et al. prepared a glycerol continuous 
phase emulsion using a combination of zein and oil droplets as hydro-
phobic nucleation sites for the growth of zein fibrils giving rise to 
gelation with thermos-responsive behavior (de Vries, Nikiforidis, & 
Scholten, 2014)). A few other studies, show thermos-responsive 
behavior of zein colloidal systems, such as oil in glycerol emulsion 
gels (Chen eta al., 2016; Zou, Thijssen, Yang, & Scholten, 2019; Neph-
omnyshy et al., 2020), where it was found that thermos-responsive 
behavior was affected by oil type (Zou et al., 2019) and solvent qual-
ity (glycerol content) and increasing temperature could increase 
solvent-protein interactions and weakening the gel network. This effect 
was found reversible due to the physical nature of the interactions 
(Nephomnyshy et al., 2020). Among other oleogelators, Ethyl cellulose 
(EC) oleogels also showed thermos-responsive behavior. Aguilar-Zarate 
et al. studied the EC-oleogel strength and viscoelastic crossover tem-
perature as an effect of texture modifier. Adding 1% of soy lecithin to the 
oleogels drastically increased shear moduli. Modified EC oleogels 
showed thermal reversibility reaching a plateau at a high temperature of 
about 120–130 ◦C unlike pure EC oleogels (Aguilar-Zárate et al., 2019). 

Here we aim to study the properties of zein-stabilized true oleogels 
modified by the addition of glycerol. The microstructure, rheological 
properties, and oil-holding capacity of oleogels are studied as a function 
of glycerol and zein concentration. Also, we demonstrate how zein- 
stabilized oil in ethanol emulsions are the starting point for making 
zein-based oleogels. The novelty of this study relies on preparation of a 
novel thermos-responsive protein-rich oleogel where similar thermal 

behavior as zein-stabilized colloidal systems was observed. Also, the 
texture of oleogels was modified by using glycerol where it was shown as 
an effective plasticizer for protein-rich oleogels. 

2. Material and methods 

2.1. Materials 

Zein (purity of around 88–96%) and ethanol 96% were purchased 
from Sigma-Aldrich, Inc (St. Louis, MO, USA). Also, Glycerol (Merck), 
sunflower oil (Ponte Sisto, Nyborg, Denmark), and Mili-Q water were 
used throughout the study. All other chemical agents were analytical 
grade. 

2.2. Preparation of oleogels 

Oleogel samples were prepared by referring to the emulsion- 
templated method developed by Patel et al. with some modifications 
(Patel, Cludts, Sintang, Lesaffer, & Dewettinck, 2014). The continuous 
phase of emulsions was prepared by dissolving zein protein with 2, 4, 6, 
and 8%w/v concentrations (based on the total emulsion volume) in a 
mixture of 70 %v/v aqueous ethanol and glycerol as a plasticizer at three 
levels with a control. Then dispersions were stirred gently overnight 
using a rocker shaker. Oil in aqueous-ethanol emulsions was prepared at 
a fixed oil phase volume fraction (φ = 0.6, v/v) by adding sunflower oil 
droplet-by-droplet during the first minute continuing mixing with a 
high-speed homogenizer (IKA-ULTRATURRAX T25 basic, IKA) at 14000 
rpm continues for 5 min. Finally, emulsions were dried in the Petri 
dishes under the fume hood at room temperature overnight. The drying 
process was followed by vacuum drying to ensure the continuous phase 
was removed completely and we obtained a constant weight. Oleogels 
were stored in a desiccator at room temperature for further analysis. The 
final concentrations of zein and glycerol in the oleogels can be found in 
Table 1. 

2.3. Oil loss measurement 

To measure the oil loss of oleogels the centrifuge method was used 
with some modifications (Meng, Qi, Guo, Wang, & Liu, 2018). 
Approximately 1 g of the sample was weighed in an Eppendorf tube 
(Mtotal) and centrifuged at 10000 g for 10 min. The separated oil from 
the oleogel structure was discarded onto a paper cloth and the tube 
containing the oleogel was weighted again (Mdry). The weight of the 
empty tube (Mtube) was determined before adding samples to calculate 
the precise weight of the sample. The oil loss values were calculated 

Table 1 
The composition of oleogels containing different zein and glycerol concentra-
tions (g/g oil). The oil volume fraction of the emulsions as the intermediate 
system was kept constant equal to 60 (%v/v).   

Oleogel 
formulation 

Glycerol/oil 
(g/g) 

Zein/oil 
(g/g) 

Control Z2-C 0 0.036 
Z4-C 0 0.073 
Z6-C 0 0.109 
Z8-C 0 0.146 

Low concentration of 
plasticizer 

Z2-L 0.091 0.036 
Z4-L 0.091 0.073 
Z6-L 0.091 0.109 
Z8-L 0.091 0.146 

Medium concentration of 
plasticizer 

Z2-M 0.182 0.036 
Z4-M 0.182 0.073 
Z6-M 0.182 0.109 
Z8-M 0.182 0.146 

High concentration of 
plasticizer 

Z2-H 0.273 0.036 
Z4-H 0.273 0.073 
Z6-H 0.273 0.109 
Z8-H 0.273 0.146  
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using the equation: 

Oil loss (%)=
mtotal − mdry

mtotal − mtube
× 100%  

2.4. Microstructural studies 

Coherent Anti-stokes Raman Scattering (CARS) Microscopy was 
conducted using a Leica SP8 CARS microscope (Leica Microsystems 
GmbH, Mannheim, Germany). The instrument is equipped with a 
picoEmerald (APE, Berlin, Germany) multiphoton laser as the light 
source, consisting of a tunable picosecond optical parametric oscillator 
(OPO) and a solid-state Nd: YVO4 laser. The basal wavelength of 1064.5 
nm of the laser was used as the Stokes beam, whereas the pump beam 
was tuned to 817 and 784 nm to target the molecular vibration of –CH2- 
to identify lipids and O–H to identify Protein or glycerol respectively. 
For detection, the instrument is equipped with two epi-CARS non-des-
canned photomultiplier tube (PMT) detectors. The filter cube contained 
a short-pass filter at 750 nm to reduce the non-resonant background 
reaching the detector, and a dichroic mirror at 560 nm to split the light 
beam. Thereby, a broadband filter at 650/210 BrightLine HC (AHF 
analysentechnik AG, Tübingen, Germany) was used for –CH2- visuali-
zation (CARS channel), and a 465/170 BrightLine HC filter was used to 
detect autofluorescence from zein protein (autofluorescence channel). A 
40 × HC PL IRAPO 1.10 NA Leica objective was used for all image 
recordings. 

To study the effect of heating on the microstructure of oleogels, 
samples were imaged before and after heating at 100 ◦C on a cover Glass 
#1.5 mm (1928x1928, pixel size = 0.15 μm). A Coldplate heater-cooler 
thermoblock (Q instruments, Germany) was used to heat and cool the 
samples at the same rate. The access oil separated from the samples was 
dried out before imaging. 

2.5. Rheological measurements 

The rheological properties of oleogel samples were studied using a 
rheometer (Discovery HR-2, TA Instrument, New Castle, DE, USA) 
equipped with a Peltier system for temperature control. A serrated/ 
cross-hatched parallel plate geometry with a 25 mm diameter was 
used, and the working gap was set at 1000 μm. A range of dynamic 
rheology experiments including amplitude sweeps (strain (γ) =

0.01–1000%, angular frequency (ω) = 6.28 rad/s) and angular fre-
quency sweeps (ω = 0.1–100 rad/s, γ = 0.05%) was carried out at room 
temperature. The linear viscoelastic region (LVR) and yielding behavior 
of the oleogels were determined after conducting amplitude sweep tests 
at ω = 6.28 rad/s. 

To investigate the temperature-dependent flow behavior of oleogels, 
a temperature ramp measurement was conducted at a constant ω of 6.28 
rad/s by heating and cooling between 25 and 100 ◦C with a heating/ 
cooling rate of 2 ◦C/min. Storage (G′) and loss (G′′) modulus of each 
formulation were determined in triplicate. All the rheological experi-
ments were performed after an equilibration time of 3 min. 

2.6. FTIR analysis 

The effect of heating on structural changes in oleogels and pure 
material (Zein, sunflower oil, and glycerol) were studied. The spectra of 
the samples before and after heating at 100 ◦C were recorded using a 
PerkinElmer Spectrum Two FTIR spectrophotometer equipped with a 
DTGS detector and a PerkinElmer universal attenuated total reflection 
(ATR) accessory. A Biosan Thermo Block TDB-120 was used to heat the 
samples up to 100 ◦C with 3.5 ◦C/min rate. Subsequently after about to 
2 min heating at 100 ◦C, the samples were allowed to cool down to room 
temperature on their own accord. The ATR–FTIR spectra of samples 
were recorded by placing a small amount of sample on the ATR crystal 
and applying pressure with a Universal ATR shoe (6 mm flat-end 

stainless steel). The spectra were corrected for the background and the 
following measurement the data were converted to absorbance in the 
PerkinElmer Spectrum 10 software. Measurements were performed in 
the mid IR range (4000 cm− 1 - 400 cm− 1) with a data spacing of 0.5 
cm− 1, a spectral resolution of 2 cm− 1, and by averaging 8 scans. For 
analysis of the Amide I band the second derivative of the spectra was 
calculated and 50 point Savitzky-Golay smoothing algorithm was 
applied using OriginPro 2020 software. 

2.7. Statistical analysis 

To compare the statistical differences in the oil holding capacity of 
all oleogels as a function of zein concentration, a one-way ANOVA test 
was performed, followed by a tukey’s test to compare mean values at a 
significance level of p˂0.05. 

3. Results 

3.1. Visual observation of oleogels 

Zein-stabilized oleogels were prepared using the emulsion-templated 
method. To use zein protein as an oleoglator, due to the solubility limits 
of zein in both water and oil, they were dissolved in 70 %v/v aqueous 
ethanol where the optimal surface activity and emulsion stability were 
found (Keshanidokht et al., 2022b). This method enables zein protein to 
act as a surfactant without additional modification (Keshanidokht., 
2022). Thus, an ethanol-based emulsion was produced, as an interme-
diate system in oleogel preparation. 

Before characterizing the oleogels, for a better understanding of the 
oleogel network formation with the emulsion-templated method, the 
emulsion type as the intermediate system was identified. The confocal 
microscopy method was employed on emulsions before drying. Micro-
graphs of ethanol-based emulsion showed the formation of oil in 
aqueous ethanol emulsion (Fig. 1 in the supplementary information 
(SI)). The micrographs of emulsions showed that oil is the dispersed 
phase and ethanol-water mixture, and glycerol is mixed in the contin-
uous phase of the emulsion as also expected from the polarity 
similarities. 

Later to achieve an oleogel, the volatile continuous phase of the 
emulsions including water and ethanol was evaporated at room tem-
perature followed by a subsequent vacuum drying step. The achieved 
paste-like structure was termed oleogel after manual shearing. The 
initial studies on un-plasticized oleogels (Control) indicated that using 
zein as an oleogelator, resulted in a hard and brittle structure. Similar 
textural properties were observed for zein film (Lai & Padua, 1997; Shi, 
Huang, Yu, Lee, & Huang, 2011). Therefore, to modify the rheological 
properties of the oleogels, glycerol was added to the zein dispersion at 
three different levels 0.091 (low concentration), 0.182 (medium), and 
0.273 g/g (high). Table 1 presents the composition of the emulsions and 
the final oleogels. 

The appearance of oleogels as an effect of zein concentration and 
glycerol content is presented in Fig. 1. All the oleogels showed a 
yellowish color with a solid-like texture that upon touch did not show 
obvious oil leakage from the structure. Oleogels with high zein con-
centration and glycerol had an opaque appearance. With increasing zein 
concentration, oleogels became harder and had a more granular texture 
accompanied by a less oily appearance. Glycerol-containing oleogels 
with 0.036, 0.073 g/g zein had a uniform, paste-like texture over touch 
while the corresponding control samples without glycerol showed a 
hard texture. Consequently, adding more glycerol softened the oleogels 
and reduced the oily appearance, although, the softening effect of 
glycerol was less discernible for low zein concentrations. 

3.2. Oil loss 

The oil loss of the oleogels as a function of zein and glycerol content 
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was measured. Fig. 2 shows that oil loss decreased significantly with 
increasing zein concentration for all levels of glycerol. In addition, 
adding glycerol decreased the oil loss compared to control samples. The 
effect of glycerol on reducing oil loss was more noticeable for higher zein 

concentrations. At the lowest zein concentration (0.036 %w/w), the 
addition of glycerol hardly reduces the oil loss of oleogels significantly, 
compared to the control samples. Moreover, adding more than 0.091 g/g 
glycerol (low glycerol content) in all zein concentrations did not 
improve the oil-holding capacity of oleogels significantly. Therefore, it 
can be concluded that the combination of higher zein concentration with 
low glycerol content could be the most effective way to improve the oil- 
holding capacity of oleogels. 

3.3. Rheological measurements 

The rheological properties of oleogels were characterized by three 
different experimental set-ups: amplitude sweep to describe the physical 
properties such as flow and deformation of the oleogels, frequency 
sweep to determine the time-dependent viscoelastic properties of the 
samples in the linear viscoelastic region (LVR), and temperature ramp to 
determine thermal response of the rheological properties. The rheolog-
ical properties of Z8-L and Z8-M oleogels were not possible to measure 
due to the rigidity of the samples. 

3.3.1. Amplitude and frequency sweep 
Oscillatory rheology was conducted on the oleogels with different 

zein and glycerol concentrations to determine the elastic modulus (G′) 
and loss modulus (G′′) of the samples in the linear viscoelastic region 
(LVR). Generally, for gel-like material G′ is larger than G′′ and for small 
enough deformations, these quantities remain constant, indicating the 
linear response region, LVR (Patel, Babaahmadi, Lesaffer, & Dewettinck, 
2015). In Fig. 3, it can be seen that all the oleogels showed a higher 
elastic modulus than loss modulus indicating a gel-like behavior. 

Fig. 1. The appearance of oleogels with different zein and glycerol concentrations. The formulations were named as follows. The zein/oil (g/g) of 0.036, 0.073, 
0.109, and 0.146 were called Z2, Z4, Z6, Z8 respectively. Glycerol/oil (g/g) of 0.091, 0,182, 0.273 were called L, M, H respectively. 

Fig. 2. The oil loss measurements of oleogels as a function of zein concentra-
tion and glycerol addition. Values by the same letter are not significantly 
different. No oil loss was observed for plasticized oleogels at high zein 
concentrations. 
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However, there was a variation in G′ and G′′ as a function of glycerol and 
zein concentrations. Oleogels with higher zein concentrations exhibit a 
higher G′ and G′′, while adding more glycerol, decreased the G′ and G′′

and thus indicating a softening effect of glycerol. The effect of zein 
concentration on increasing the gel strength was more considerable for 
high glycerol content. More precisely increasing zein from 0.036 to 
0.109 g/g in low glycerol content (Z2-L and Z6-L), increased G′ from 3.7 
× 104 to 1.8 × 106 Pa. This effect was higher for high glycerol content 
when changing G′ from 1.5 × 104 in Z2-H to 8.0 × 105 Pa in Z6-H 
oleogel. When the applied shear enhances, the material begins to 
deform and G′ curves cross the G′′ (G′ = G′′). The corresponding strain at 
the crossover point is an indication of the structural deformation and 
transition from a solid-like to liquid-like behavior (Patel, Babaahmadi, 
et al., 2015). From Fig. 3, it can be inferred that the concentration of 
glycerol and zein did not have a considerable effect on the crossover 
strain of measured oleogels except in Z6-L. Interestingly, oleogels with 
0.091 g/g glycerol (low glycerol content) did not show an obvious 
crossover of G′ and G′′ in the strain range of 0.01–1000%. 

The elastic stress as a function of strain amplitude was plotted in 
Fig. 4. The elastic stress was calculated by multiplying the storage 
modulus and the strain (G′ × Ѵ) (Gahrooee, AbbasiMoud, Danesh, & 
Hatzikiriakos, 2021). Fig. 4 indicates a bell shape curve with a peak of 
around 10% strain where the structure starts to break. In Fig. 4, the 
maximum elastic stress of oleogels with 0.036 g/g zein decreased with 
increasing the glycerol concentration while with increasing zein to 
0.073 g/g, adding more than 0.182 g/g glycerol (medium glycerol 
content) did not have any effect on elastic stress. Moreover, at 0.109 g/g 
zein, the elastic stress was independent of glycerol concentrations, 
which is an indication of the dominant effect of zein concentration on 
the elastic stress of samples. 

Various methods were suggested to calculate the yield stress (Barnes, 

1999). In this study, the elastic yield stress (τy,e) of oleogels was calcu-
lated by collecting the maximum values of elastic stress as the actual 
yield stress values in Fig. 4 (Gahrooee et al., 2021). The results show an 
increase in elastic yield stress with increasing zein concentration (Fig. 5 
(a)). This is a typical characteristic of a weak-link regime where the 
interaction within the flocs is stronger than between them (Shih, Shih, 
Kim, Liu, & Aksay, 1990). However, the effect of glycerol on decreasing 
the elastic yield stress was only considerable in 0.036 g/g zein. Adding 
more than 0.091 g/g glycerol (low glycerol content) did not decrease the 
elastic yield stress in oleogels containing 0.073 and 0.109 g/g zein and 
yield stress was independent of glycerol concentration. In oleogels 
prepared by adding water to the protein oily suspension of zein, yield 
stress increased from 2 to 30 Pa with increasing the protein concentra-
tion from 0.1 to 0.25 w/v (Wang, Chen, et al., 2022). Also, it was shown 
that in sodium caseinate: alginate oleogels, increasing the protein con-
tent could increase the yield stress (Wijaya et al., 2019). To characterize 
the physical properties of zein oleogel further, the scaling theory was 
applied using the storage modulus value obtained from the LVR region 
of amplitude sweep measurements. This theory described colloidal gels 
as an assembly of fractal flocs formed by primary particles. The in-
teractions between these flocs are characterized by two regimes: 
strong-link and weak-link. When the interaction between flocs is 
stronger than within the flocs it is called a strong-link regime, while flocs 
with stronger interactions within the flocs are considered a weak-link 
regime (Shih et al., 1990). In these models, the yield stress and stor-
age module show a power law relation with particle volume fraction. 

Fig. 5 (b) shows the gel strength of oleogels increased as a function of 
zein volume fraction (φ) with a power-law relation (G′ ~ φβ) indicating a 
network of fractal flocs characteristics (de Vries, Jansen, van der Linden, 
& Scholten, 2018). De Vries et al. studied the gel strength of a 
self-assembled zein network by adding hydrophobic cores. They 

Fig. 3. Storage modulus G’ (open symbols) and Loss modulus G" (filled symbols) as a function of strain for zein-stabilized oleogels plasticized with low (0.091), 
medium (0.182) and high (0.273) g/g glycerol. Vertical lines indicate the crossover point of G′ and G′′ where different colours correspond to the glycerol con-
centrations. All measurement were conducted in triplicates. 

Fig. 4. The elastic stress of oleogels with different zein concentrations as a function of strain amplitude. zein-stabilized oleogels plasticized with low (0.091), medium 
(0.182) and high (0.273) g/g glycerol. The arrow is to guide the observed decreasing trend of the yield stress which is the maximum point of each graph. 
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reported that increasing zein concentration increased the gel strength 
with a power law relation. (de Vries et al., 2014). For the zein oleogels, 
the G′ value is obtained from the LVR plateau of amplitude sweep 
measurements. The critical exponent of β of oleogels is also presented in 
graph 5 based on each glycerol level. The critical exponents for 0.091, 
0.182, and 0.273 g/g glycerol were 1.18, 3.32, and 2.10 respectively. 
The β values propose the dependency of the oleogel elasticity on protein 
volume fraction. It can be seen that the oleogels with 0.182 g/g glycerol 
(medium glycerol content) showed the highest dependency on zein 
volume fraction, compared to glycerol levels. 

The fractal analysis involved in the scaling theory proposed by Shih 
et al., 1990 characterizes two regimes of a weak and strong link. Based 
on the increasing yield stress for oleogels, the fractal dimension (df) for 
the weak-link regime was calculated as follows: 

G′

=φ
1

(3− df)

where, β = 1/(3-df). 
The fractal dimension values for 0.091, 0.182, and 0.273 g/g glyc-

erol is calculated, and it was equal to 2.15, 2.69, and 2.52 respectively. 
The df value close to 3 indicates a dense and compact structure while 
closer to 2 is an indication of a loose and diffuse structure (Feichtinger 
et al., 2022). These values prove that increasing the glycerol content to 
more than low-level results in a compact and denser oleogel network. 
There is no literature reporting the fractal dimension of protein oleogel 
with the emulsion-templated method. However, for a matter of com-
parison, there are two studies using protein aggregates to prepare 
oleogels by solvent exchange method. The df of heat-set whey protein 
aggregates was reported equal to 2.2 showing the aggregation process 
formed a similar gel network in oil compared to water for cold-set gels 
(de Vries, Wesseling, van der Linden, & Scholten, 2017). Also, Feich-
tinger et al. reported the df for globular plant-based protein oleogels 

using the same preparation method. The df values were reported be-
tween 2.4 and 2.7. Overall, it is proposed that the variation in df values 
of protein gels can be attributed to protein characteristics, the gelation 
mechanism, and process conditions (Feichtinger et al., 2022). 

An angular frequency sweep experiment was conducted to under-
stand the time-dependent rheological response of the oleogel structure 
(Ahmadzadeh, Chen, & Rizvi, 2022). Fig. 6 presents the dependency of 
G′ and G′′ on the angular frequency (ω) for the oleogels. Frequency 
sweep plots showed that oleogels have a higher elastic modulus (G′) 
than loss modulus (G′′), indicating a hard gel-like structure that is almost 
independent of ω. Oleogels at high zein concentrations showed high gel 
strength with a storage modulus of up to 106 Pa. Tavernier et al. pre-
pared oleogels with soy protein isolate (1–2.5%) using the indirect 
method. The frequency sweep measurements indicated increased stor-
age modulus up to 106 (pa) with increasing the protein from 1 to 2.5% 
with a slight positive slope (Tavernier et al., 2017). Similar results were 
reported for the whey protein and xanthan gum oleogel. They reported a 
G′ of about 106 (Pa) that was higher than G′′ and it was almost inde-
pendent of frequency (Espert, Hernández, Sanz, & Salvador, 2022). 

In addition, all oleogels indicated a good tolerance to the rate of 
deformation. This indicates the insignificant rheological response of 
oleogels to the deformation rate and it is in agreement with other oleogel 
prepared with the emulsion-templated method (Qiu, Huang, Li, Ma, & 
Wang, 2018). 

3.3.2. Response to high temperature 
The temperature-dependent rheological behavior of oleogels was 

studied by performing a temperature ramp experiment in the range of 
25–100 ◦C with a controlled rate of 2 ◦C/min. The samples containing 
the lowest and highest glycerol and zein concentrations were selected to 
show the range. The results were plotted in Fig. 7 as tan δ, (G"/G′) 
against temperature. Tan δ determines the fluidity or solidness of a 

Fig. 5. (a) The yield stress of oleogels as function of zein concentration, (b) Rheological behavior of zein-stabilized oleogel. G′ as a function of the volume fraction of 
zein for different added glycerol content of low (0.091), medium (0.182) and high (0.273) g/g glycerol. The dotted lines represent the best fit of G’~ cβ. 

Fig. 6. Frequency sweep of oleogels conducted in the Linear viscoelastic region with different zein concentrations and added glycerol content of low (0.091), 
medium (0.182) and high (0.273) g/g. G′: open symbols, G′′: closed symbols. All measurement were conducted in triplicates. 
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viscoelastic material. When tan δ is equal to 1, G′ and G′′ cross over and 
tan δ is bigger than 1 meaning that the sample is in a more liquid state 
than solid (G" > G′). In zein-stabilized oleogels, the storage (Gʹ) and loss 
modulus (Gʺ) showed almost the same trend with a higher Gʹ before 
heating (Tan δ <1) in all the oleogels. Both moduli started to decrease 
with increasing the temperature until around 75 ◦C until they reach 
equal values (Gʹ = Gʺ) where Tan δ is equal to one and decreased with a 
higher rate up to 100 ◦C (The Gʹ, Gʺ, and Tan δ of all samples is shown in 
Figs. 2 and 3 in the SI). In Fig. 7 it can be seen that the storage modulus is 
reduced up to 4 orders of magnitude upon heating. For example, at Z6-H, 
the storage modulus reduced from 7 × 105 to 2 × 102 Pa and thus 
roughly 3 to 4 orders of magnitude reduction of stiffness at high tem-
perature. The most and least softening effect was observed at Z6-M and 
Z6-L respectively. Fig. 7 shows that tan δ increased with heating in all 
samples but in some samples, it remained constant at 75 ◦C without 
reaching value one. This means that they retained their storage and loss 
modulus and did not cross over, and they require higher temperatures to 
become liquid. Although, tan δ in some other oleogels increased to 
higher than one showing a liquid-like state between 75 and 100 ◦C. 
Oleogels with 0.073 g/g zein and 0.091 g/g glycerol showed the highest 
tan δ of around 1.4 during cooling (Fig. 3 in the SI). Tan δ decreased and 
increased consistently in all samples with increasing glycerol and zein 
concentrations respectively except oleogel with 0.109 g/g zein and 
0.091 g/g glycerol. 

To evaluate the recovery of the oleogel structure after heating, 
samples were cooled down with the same cooling rate of 2 ◦C/min to 
room temperature. The heating-cooling curve showed that tan δ 

decreased with cooling and reached the same value as pre-heated sam-
ples showing the thermos-reversible behavior of oleogels. Although, this 
trend was slightly different in Z2-M and Z2-H. The tan δ in oleogels with 
0.036 g/g zein concentration and 0.182 and 0.273 g/g glycerol, reached 
lower values after cooling, showing a more solid-like behavior after 
cooling. In addition, the decrease in the tan δ after cooling was more 
considerable in Z2-H. An interesting phenomenon happening in zein- 
stabilized oleogel is increasing the tan δ during cooling from 100 to 
70 ◦C. This effect mostly happened in the samples that did not reach the 
crossover point during heating. Overall, it can be concluded that zein 
oleogels have a reversible thermos-responsive behavior. 

3.4. Microstructural studies 

Non-linear microscopy was performed to visualize the plasticized 
oleogels. The CARS microscopy and simultaneously multi-photon auto- 
fluorescence was used to visualize lipid and protein channel respec-
tively. It was attempted to identify glycerol in the oleogel structure by 
excitation of the –OH bonds at 784 nm in the CARS microscope. 
Although our pre-trials did not show any specific structure at this 
wavelength. Therefore, it can be assumed that dark areas in the CARS 
micrographs may be localized glycerol or empty holes where the glyc-
erol immigrated from the structure. To verify these areas are not air- 
filled holes, the background was corrected using pseudo-flat-field 
correction from Fiji plug-ins. Furthermore, it can be seen that the 
quantity of the dark regions in micrographs changes with concentration. 
Fewer dark areas where the protein concentration is increased could 

Fig. 7. The thermal response of selected plasticized oleogels containing different zein and glycerol concentrations (a) 0.036 g/g zein and 0.091 g/g glycerol (Z2-L), 
(b) 0.036 g/g zein and 0.273 g/g glycerol (Z2-H), (c) 0.109 g/g zein and 0.091 g/g glycerol (Z6-L), (d) 0.109 g/g zein and 0.273 g/g glycerol (Z6-H). 
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confirm the presence of glycerol in the dark regions. Fig. 8 presents the 
corrected images of the microstructure of sheared oleogels before and 
after heating. Oleogels in all concentrations performed an inhomoge-
neous structure containing larger pores in 0.036 g/g compared to 0.109 
g/g zein. The Z2-L and Z2-H had a rather loose structure with less 
compact clusters. Also, it is noticeable that the glycerol is more in af-
finity to the protein backbone where the excess glycerol in higher con-
centrations accumulated inside the structure pores. Oleogels with higher 
zein concentrations indicated similar non-uniform structures but with 
smaller oil pore sizes. It seems that higher glycerol content in Z6-H 
caused the formation of a more uniform protein network compared to 
Z6-L. 

The microstructure of oleogels after rapid heating and cooling was 
also imaged. It is worth mentioning that during the experiment, it was 
noticeable that post-heated samples released some oil/glycerol mixture 
from the protein structure. From the CARS images, it seems that with 
heating the oleogels the protein-protein interactions increased and the 

denser protein structure with very fine pore sizes formed. This effect was 
more significant in high zein concentrations. Moreover, heating seems to 
cause the immigration of glycerol after protein restructuring and the 
formation of larger pools, especially in high glycerol concentrations. In 
addition, heating seems to cause the immigration of glycerol after pro-
tein restructuring and the formation of larger pools, especially in high 
glycerol concentrations. Interestingly, Z2-H oleogel indicated a different 
structure after heating. In these samples, oleogels formed round and 
relatively small pore sizes holding oil in the protein network. 

3.5. Fourier-transform infrared spectroscopy (ATR-FTIR) 

The ATR-FTIR was conducted to understand the possible structural 
changes in zein-stabilized oleogel before and after heating. The three 
components of the studied oleogels have quite distinct FT-IR features 
with each component having a characteristic signal in a specific spectral 
region or regions (Fig. 4 in the SI). Glycerol has main bands at 3300 
cm− 1 and 1050 cm− 1 from O–H and C–O related stretching vibrations. 
Sunflower oil has the most characteristic and sharp signal at 1750 cm− 1 

originating from the carbonyl stretching of the triglyceride ester func-
tionalities. Finally, zein displays significant peaks at the 1650 and 1540 
cm− 1 assigned to the amide І and ІІ bands, respectively. All components 
contribute to the aliphatic C–H stretching region below 3000 cm− 1. 

The room-temperature ATR-FTIR spectra of oleogels before heating 
revealed that under ATR conditions where pressure is applied to the 
sample, very little signal remains at 1750 cm− 1 which is ascribed to a 
displacement from the ATR crystal out of the oleogel. The same obser-
vation was true on samples that had been subjected to heating to 100 ◦C. 
The ATR-FTIR data is shown in Fig. 9 as a pre-and post-heating com-
parison for four different oleogels with varying zein/glycerol content, 
and also in Fig. 5 in the SI, where all samples are compared. It is note-
worthy that all mixing ratios give overall very similar FTIR spectra 
although we observe that the intensity of amide I and II peaks reflect the 
zein concentration but the peaks at 3300 cm− 1 and 1050 cm− 1 are in-
dependent of the initial glycerol content. This again might be due to the 
pressure applied on the sample during measurement and caused the 
leaking out of the liquids from the solid material. This is enabling us to 
look into the solid phase of oleogels in the absence of the mobile phase. 
This indicates that a similar amount of glycerol has been incorporated in 
the oleogels in the four studied samples considering the pre- and post- 
heating data in Fig. 9, the different oleogels maintain the same spec-
tral features to a large extent. The spectrum after heating at 100 ◦C did 
not show any major shift in peaks amid І and ІІ bands. However, a slight 
intensity increase was observed in these peaks for all samples except for 
Z6-H. Besides, the peak intensity decreased at 1748 cm− 1 showing the 
lipid composition may be changing in Z6-H oleogel. This could be due to 
the slight phase separation of oil during heating. The broad peak from 
glycerol at 3300 cm− 1 also showed some intensity changes with the 
largest increase in Z6-L and Lowest in Z2-H. In the SI, Fig. 6, the amide I 
band is analyzed in more detail and the second derivatives reveal that in 
addition to the main peak at 1650 cm− 1 there are minor inflections at 
1620 cm− 1 and 1680 cm− 1. These amide I features represent the pres-
ence of different secondary structural elements within the zein protein, 
and they correspond to a largely alpha-helical folding (1650 cm− 1) with 
the presence of some random coil folding (1640 cm− 1) and beta-turn 
motifs (1680 cm− 1). While the band at the lowest wavenumber is 
ascribed again to alpha-helix but also a small presence of beta-sheet 
folding (1615-1625 cm− 1). This folding is in accordance with previous 
observations from the literature on dry and hydrated zein (Federici, 
Selling, Campanella, & Jones, 2021). It is here noteworthy that heat 
treatment of the oleogels to 100 ◦C does not afford any major change in 
the protein secondary structure post-heating. The oleogel solid compo-
nents are thus mainly exhibiting a reversible thermal response. The in-
crease in the amide I band post-heating for oleogels of low zein content 
may be due to an altered orientation of the protein with respect to the 
ATR crystal e.g., as ATR-FTIR is an inherently anisotropic sampling 

Fig. 8. Zein stabilized oleogels microstructure before and after heating. Four 
oleogels of Z2-L, Z2-H, Z6-L, Z6-H were selected to study the microstructure as 
an effect of heating. The green color represents zein visualized by multi-photon 
autofluorescence and the red color represents oil phase from CARS Microscopy. 
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technique it may be sensitive to any sample orientation that may occur 
when the sample is pressed against the crystal surface. 

4. General discussion 

The general properties of protein-based oleogels with small-molecule 
plasticizers have been rarely studied. Therefore, the knowledge of the 
interaction of plasticizers with proteins is limited. Different levels of 
glycerol were added to zein-stabilized oleogels to investigate the soft-
ening effect of glycerol on their physical and microstructural properties 
and thermal responses. To understand the plasticization mechanism of 
glycerol on zein oleogel, the oleogelation process can be compared with 
zein film formation to some extent. This comparison is relevant since the 
polarity. changes during the drying process in the formation of both 
oleogel and film (Xu et al., 2012). It was demonstrated that the emul-
sions as an intermediate system in oleogel formation, have oil droplets 
dispersed in a polar phase of aqueous ethanol and glycerol (Fig. 1 in SI). 
Upon drying of the emulsions, ethanol and water evaporates and reduces 
the polarity of the remaining polar phase. The polarity changes might 
induce hydrophobic interaction between protein and oil while drying. 
However, hydrophilic glycerol remains in a separate phase even after 
the volatile solvent is removed. However, the complete evaporation of 
ethanol-water and thus the increased activity of the remaining glycerol 
can eventually force some or all of glycerol to become part of the 
structured protein network through hydrogen bonds amid groups of zein 
as described by Xu et al., 2012. Therefore, it is expected that oleogels 

have a phase of oil and with higher glycerol content, they might have a 
separate phase of glycerol as well. The aforementioned structure was 
observed in the micrograph of oleogels. It can be seen that a loose 
protein network at low zein concentration was formed compared to 
higher zein content (Fig. 8-left column). Besides, a higher quantity of 
glycerol can be recognized in low zein concentrations where the pro-
tein/glycerol ratio is low, and a glycerol phase coexists with the oil 
phase. 

Generally, zein-stabilized oleogel structure consist of a protein gel 
network with an oil continuous phase. The protein gel strength can be 
examined based on the difference between G′ and G′′ values, and the G′

value in the LVR of the amplitude sweep curve (Doan, Van de Walle, 
Dewettinck, & Patel, 2015). The results confirmed that the gel strength 
of oleogels increased with increasing zein concentration similar to other 
protein oleogels (Tavernier et al., 2017). The addition of glycerol softens 
the structure; However, the softening effect of glycerol seems to become 
less dominant with increasing zein concentration (Fig. 3). This might be 
due to the presence of an insufficient amount of glycerol to interact with 
higher zein content in the oleogel structure. The micrographs of oleogels 
also confirmed the presence of more glycerol in a separate phase where 
the glycerol/zein concentration is higher (Fig. 8). These results were in 
agreement with the general effect of glycerol on protein gel networks. It 
is known that the addition of glycerol interferes with the protein-protein 
interaction through the formation of hydrogen bonds with zein, which 
increases the protein chain mobility and reduces the gel strength 
(Aguilar-Zárate et al., 2019). Gao et al. explained the concentration 

Fig. 9. Room temperature ATR-FTIR data of selected oleogels containing different zein and glycerol concentrations measured before and after heat-treatment to 100 
deg C. (a) 0.036 g/g zein and 0.091 g/g glycerol (b) 0.036 g/g zein and 0.273 g/g glycerol (c) 0.109 g/g zein and 0.091 g/g glycerol (d) 0.109 g/g zein and 0.273 g/ 
g glycerol. 
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dependency effect of glycerol (Gao et al., 2006). Accordingly, in kafirin 
film, various glycerol concentrations plasticize the protein film with 
different mechanisms. At low concentrations, glycerol affects the 
conformation of protein through interaction with the protein backbone. 
While at higher concentrations, the glycerol-glycerol interactions 
dominate and show properties similar to that in the bulk phase and this 
could change the mechanical behavior of the film (Gao et al., 2006). The 
plasticizing mechanism of glycerol in zein-stabilized oleogel seems to 
follow a similar mechanism Fig. 10 presents a theorical drawing of 
concentration-dependent plasticizing behavior of glycerol, that sum-
marizes the above discussion of the action of glycerol. 

In addition, calculation of df values showed that the variation in the 
df value in zein-stabilized oleogels might be probably due to the accu-
mulation of excess glycerol in the oleogel structure in the absence of 
sufficient protein to interact. This can cause the formation of micro-
scopic mobile phases and results in the formation of a dense protein 
network. 

Here the oil loss measurements were in agreement with the df esti-
mates showing the higher oil loss in oleogels correlates with larger df 
values. The capacity of oleogels to entrap oil in their structure can be 
explained by the capillary effect where with increasing zein concen-
tration, the smaller pores in the structure were formed and oil loss 
decreased (Fig. 2). The effect of glycerol on decreasing the oil loss can be 
attributed to the effect of glycerol on the formation of smaller pore sizes 
where a finer oleogel network forms. 

The thermal response of oleogels to heating and cooling showed that 
zein-stabilized oleogels have thermo-responsive rheological behavior. It 
is known that the solvent quality can be altered by temperature. 
Therefore, based on zein solubility in glycerol at high temperatures, zein 
might be more soluble in the phase containing glycerol and oil. This 
allows higher mobility of protein and restructuring of the oleogel 
network. The zein protein at high temperature aggregates to some extent 
and upon cooling, they precipitate again. However, the microscopic 
phase separation due to heating can change the composition of the 
oleogel and affect the storage modulus of the oleogels. Interestingly 
thermos-responsive behavior of oleogels in some of the formulations was 
completely reversible. De Vries also showed that zein self-assembled gel 
with glycerol continuous phase is thermo-responsive and this behavior 
can be tuned with the hydrophobicity of the nuclei and solvent quality 
(De Vries., 2014). In this study, it was also observed that the protein/ 
glycerol ratio influences the reversibility of rheological properties upon 
heating. The micrographs of oleogels after heating and cooling (Fig. 8- 
right side), indicated a different structure with a denser protein network. 
The micrograph of Z2-H oleogel showed different protein network 
structures compared to others after cooling. By comparing the micro-
structure of Z2-H oleogel with the temperature ramp measurements it 
can be inferred that the new structure after cooling causes the higher gel 
strength. 

The ATR-FTIR results did not show any irreversible structural 

changes or refolding in zein after heating and cooling. One explanation 
is that heating and cooling was sufficiently fast (3.8 ◦C per minute) with 
a low exposure time (2 min) to avoid denaturation. Therefore, it is ex-
pected that the differences in gel strength before and after heating could 
not be related to protein denaturation as zein seems to behave as an 
invariant structural unit. However, our observation during measure-
ments supports that micron-scale phase separation happen. Therefore, 
during heating, the excess glycerol that coexist with oil might leak out 
from the system and zein restructures into a more favorable state and 
form stronger gels as observed in this study. Overall, no sign of zein heat 
induced denaturation was observed and most probably, the high tem-
perature weakens the oleogel network because of the increased solubi-
lity of the protein in glycerol and gives rise to the temperature induced 
softening of the material. 

5. Conclusion 

In this study, it is shown that glycerol can be used as an effective 
plasticizer in the zein-stabilized oleogels to improve the rheological 
properties and oil holding capacity. The rheological measurements 
revealed the gel-like behavior of oleogels containing glycerol. Adding 
more zein and glycerol, increased and decreased the gel strength 
respectively. However, the plasticizing effect of glycerol was found 
concentration-dependence with a higher effect in low zein content. The 
oleogels were frequency independent with good tolerance to deforma-
tion. Oleogel samples had a thermos-responsive behavior over the range 
of 25–100 ◦C that was reversible depending on the glycerol/zein ratio. 
The temperature effect was found to be independent of zein denatur-
ation and seems to be mostly due to the protein dissolution in glycerol 
upon heating. Lastly, the addition of glycerol in low content was effec-
tive in improving the oil-holding capacity of oleogels. 
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S. Keshanidokht et al.                                                                                                                                                                                                                          



Food Hydrocolloids 139 (2023) 108582

11

Data availability 

No data was used for the research described in the article. 

Acknowledgment 

This project has received funding from the European Union’s Hori-
zon 2020 research and innovation program under the Marie Skło-
dowska-Curie grant agreement No 801199. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.foodhyd.2023.108582. 

References 

Abdolmaleki, K., Alizadeh, L., Nayebzadeh, K., Hosseini, S. M., & Shahin, R. (2020). 
Oleogel production based on binary and ternary mixtures of sodium caseinate, 
xanthan gum, and guar gum: Optimization of hydrocolloids concentration and 
drying method. Journal of Texture Studies, 51(2), 290–299. https://doi.org/10.1111/ 
JTXS.12469 
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